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I INTRODUCTION 

Background. E x t e n s i v e  r e s e a r c h  on c o a l  c o m b u s t i o n  a t  t h i s  l a b o r a t o r y  (1 -6 )  
has f o c u s e  on d e v e l o p i n g  an u n d e r s t a n d i n g  o f  t h e  p h y s i c a l  and chemica l  mechanisms 1' and react idon r a t e s  o f  c o a l  b u r n o u t  and n i t r o g e n  and s u l f u r  p o l l u t a n t  f o r m a t i o n .  

( Loca l  samples o f  c o m b u s t i o n  p r o d u c t s  have been e x t r a c t e d  f r o m  t h e  p u l v e r i z e d  coa l  
'i combustor  u s i n g  water -quenched sample probes .  To c o m p l e t e  mass b a l a n c e s  and 
1 d e t e r n i n e  i m p o r t a n t  l o c a l  p a r a m e t e r s ,  c h e m i c a l l y  i n e r t  t r a c e r s  have been used i n  t h e  

r e a c t o r .  Argon added t o  t h e  p r i m a r y  a i r  has  been used as t h e  gas phase t r a c e r  t o  
I: d e t e r m i n e  t h e  m i x i n g  r a t e s  o f  t h e  p r i m a r y  and secondary  a i r  s t reams and t h e  volume 

o f  combust ion  gases f r o m  t h e  c o a l .  Carbon c o n v e r s i o n  i s  a l s o  d e t e r m i n e d  f r o m  gas 
c o m p o s i t i o n ,  coa l  f e e d  r a t e ,  and a f o r c e d  a r g o n  b a l a n c e .  

i n  t h e  raw coa l  i n  p r e v i o u s  phases o f  t h i s  s t u d y  ( 4 - 6 ) .  However, t h e  use o f  ash  as  
a p a r t i c l e  t r a c e r  has  n o t  been s a t i s f a c t o r y .  Ash i s  n o t  a s u i t a b l e  t r a c e r  because 
i t  c o n t a i n s  many i n o r g a n i c  compounds w h i c h  decompose a n d / o r  v a p o r i z e .  Kobayash i  , e t  
a l .  ( 7 )  and Saro f im,  e t  a l .  ( 8 )  have shown t h a t  as much as  20-60 p e r c e n t  o f  t h e  
o r i g i n a l  coa l  ash  can be v o l a t i l i z e d  depend ing  on t h e  t e m p e r a t u r e  h i s t o r y  o f  t h e  
ash. 

C o l l e c t i n g  samples o f  c o m b u s t i o n  p r o d u c t s  w i t h  a water -quench p r o b e  produces a 
c h a r - w a t e r  m i x t u r e  w h i c h  i s  f i l t e r e d  and d r y e d  t o  o b t a i n  t h e  s o l i d  c h a r  sample. 
Hany c o n s t i t u e n t s  o f  ash a r e  s o l u b l e  i n  t h e  w a t e r  and more l o s s e s  a r e  i n c u r r e d  i n  
t h e  t o t a l  measured a s h  c o n t e n t .  H a r d i n g ,  e t  a l .  ( 6 )  have shown t h a t  up t o  10 
p e r c e n t  o f  t h e  ash c a n  be d i s s o l v e d  i n  t h e  p r o b e  quench w a t e r .  

H i g h  l o s s e s  o f  ash n e g a t e  i t s  u s e f u l n e s s  as a s o l i d  t r a c e r  by i n t r o d u c i n g  
l a r g e  e r r o r s  i n t o  t h e  mass b a l a n c e  and b u r n o u t  c a l c u l a t i o n s .  Consequent ly ,  t h e r e  
has been an i n t e r e s t  i n  f i n d i n g  a n o t h e r  p a r t i c l e  t r a c e r  w h i c h  c o u l d  more a c c u r a t e l y  
d e t e r m i n e  coa l  b u r n o u t ,  and a l s o  t o  h e l p  u n d e r s t a n d  t h e  f a t e  o f  t h e  ash and s l a g .  

Hims, e t  a l .  ( 9 )  have c h a r a c t e r i z e d  t h e  v o l a t i l i z a t i o n  o f  ash  wi th  
t e m p e r a t u r e .  A t  h i g h e r  t e m p e r a t u r e s ,  compounds formed f r o m  e l e m e n t s  such as 
a r s e n i c ,  manganese, magnesium, sodium and a n t i m o n y  showed s t r o n g  v a p o r i z a t i o n  
t r e n d s .  A1 uminum, s i 1  i c o n  and o t h e r  known r e f r a c t o r y  compounds a1 so showed 
s i g n i f i c a n t  l o s s e s  a t  h i g h  t e m p e r a t u r e s .  Compounds fo rmed f r o m  such e l e m e n t s  as  
t i t a n i u m ,  scandium, b a r i u m  and l a n t h a n u m  were f o u n d  t o  be more s t a b l e .  Because o f  
t h e i r  low c o n c e n t r a t i o n s  i n  t h e  c o a l s ,  scandium and l a n t h a n u m  were n o t  c o n s i d e r e d  as  
f e a s i b l e  t r a c e r s .  T i t a n i u m  was s e l e c t e d  as a p o s s i b l e  t r a c e r  because i t  forms 
r e l a t i v e l y  s t a b l e  h i g h  b o i l i n g  p o i n t  compounds ( i . e . ,  TiO, T i c ,  TiO2, T i4071,  and i s  
f o u n d  i n  most  c o a l s  i n  e a s i l y  d e t e c t a b l e  amounts. 

O b j e c t i v e s .  The purpose o f  t h i s  s t u d y  was t o  d e v e l o p  an a n a l y t i c a l  p r o c e d u r e  
w h i c h  c o u l d  be used t o  measure t h e  c o n c e n t r a t i o n  o f  a s o l i d  p a r t i c l e  t r a c e r  and 
a p p l y  t h e  t e c h n i q u e s  t o  r e p r e s e n t a t i v e  samples f rom t h e  p u l v e r i z e d  c o a l  combustor.  
Techn iques  commonly u s e d  t o  a n a l y z e  e l e m e n t s  i n  t h e  ash  a r e  a t o m i c  a b s o r p t i o n  ( A A ) ,  
i n s t r u m e n t a l  n e u t r o n  a c t i v a t i o n  a n a l y s i s  ( INAA) ,  x - r a y  d i f f r a c t i o n  (XRD), and x - r a y  
f l u o r e s c e n c e  (XRF). XRF was chosen because o f  t h e  ease o f  a n a l y s i s  (sample  
p r e p a r a t i o n  t i m e  10-15 m i n u t e s  and a n a l y s i s  t i m e  o f  40-120 seconds) ,  a n d  
a v a i l a b i l i t y  o f  a s u i t a b l e  i n s t r u m e n t .  Comparison o f  M, I N A A  and XRF r e s u l t s  f o r  

li 

\ Coal  b u r n o u t  has  been c a l c u l a t e d  f r o m  t h e  p e r c e n t  ash i n  t h e  r e s i d u a l  c h a r  and 
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f l y  ash and coal analysis  have been found t o  give good agreement for  most elements 
(10) .  

This study was divided in to  three tasks: ( 1 )  set-up and cal ibrat ion o f  the 
XRF instrument in order t o  measure titanium t race  element concentration in  char from 
the combustor, ( 2 )  analysis  of char samples from combustor t e s t s  t o  determine the 
usefulness of titanium in the ash as a t racer ,  and ( 3 )  use of the titanium tracer  
data t o  compute mass balances and consequently coal burnout. 

TEST FACILITIES 

A diagram o f  the pulverized coal combustor with major dimensions i s  shown in 
Figure 1. The reactor ,  w i t h  a coal feedrate  of about 13.6 kg/hour, was constructed 
of f ive  interchangable sect ions of 33 cm ( 1 4  i n . )  schedule 40 pipe. Each section 
was 30.4 cm in length and  lined with 6.4 cm of castable  aluminum oxide refractory. 
One of the f ive  sections contained a water-quench, t ravers ing probe which was used 
t o  sample the flame a t  d i f fe ren t  axial locat ions in the reactor. This section could 
be interchanged w i t h  any of the other  sections in order t o  obtain gas and char 
samples a t  various radial and axial locat ions,  effect ively mapping the reactor. A 
more detailed description of the combustor and i t s  supporting f a c i l i t i e s  has been 
reported (4-6). 

I n  order to  obtain an adequate sample o f  combustion char for  ASTM ash and XRF 
Ti analysis, a special l a rger  e x i t  sample probe was used. The probe detail of 
Figure 1 shows the design of the probe t i p  t h a t  permitted center l ine char sample 
col lect ion near the reactor e x i t  without in te r fe r ing  with other  combustor 
experiments. Both probes were s imi la r  in  design, d i f fe r ing  only in s ize .  Complete 
d e t a i l s  on the design and  operation of the probes have been documented (6 ,  11, 12) .  

INSTRUMENTATION 

A Phi l l ips  1410 vacuum p a t h  x-ray fluorescence ( X R F )  spectrometer was used t o  
analyze t i taniun i n  the coal samples. XRF i s  known f o r  the re la t ive ly  quick sample 
analysis time and  sample preparation time (10) .  Quant i ta t ive  measurements of Ti on 
the XRF required values for  f ive  correct ion factors :  detector  dead time, background 
count, peak overlap, absorption correct ions,  and instrument e lectronic  a n d  power 
d r i f t .  Each fac tor  i s  b r ie f ly  discussed below. 

Dead Time. Dead time i s  the time required for  the electronics  and detector t o  
r e g i s t e r  one count of radiation. I f  a second burst  of radiat ion arr ives  a t  the 
detector before the f i r s t  burst i s  regis tered,  the second burst will not  be 
regis tered.  The bursts  of radiat ion a re  assumed t o  be s t a t i s t i c a l l y  random and a 
simple correlat ion i s  used t o  quantify the dead-time correct ion (13) .  

Background Counts. Natural sca t te r ing  of the x-rays causes a small count t o  
be present a t  every angle on the XRF. The background counts vary non-linearly and  
compensation i s  made by estimating the background a t  the peak using an  average of 
the background a t  angles below and above the peak. 

Peaks within one or  two degrees o f  the measured peak may add t o  
the number of counts a t  the desired peak position. Corrections for these overlaps 
a re  made by measuring pure disks  of the interfer ing element a n d  determining the 
height of the peak a t  the desired angle. 

Absorption and  Instrument Dr i f t .  Fluorescence from an element within the 
sample matrix could be absorbed by another element, a l t e r i n g  the in tens i ty  of the 
peak of the desired element. Carbon and other l i g h t e r  elements a re  strong absorbers 
a t  the wavelength of radiat ion from titanium. This causes major problems when 
Organic concentrations in the char vary from 0 t o  94 percent. This problem i s  
circumvented by using the internal  standard method of ca l ibra t ion .  Instrument d r i f t  

Peak Overlap. 
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h 
on the XRF i s  caused by var ia t ions in the voltage, sample placement, and goniometer 
accuracy on the machine. These are  a lso compensated by the internal standard method 
(141. 

XRF Calibration. The internal  standard method of ca l ibra t ion  (14)  was chosen 
as the Calibration technique. Scandium as Sc20 , which has an absorption edge near 
those of the element being measured, was added t o  the char sample in  a known 
concentration. Since absorption e f f e c t s  are s imilar  for  the two elements, the r a t i o  
of the concentrations of the unknown t o  the standard element was related t o  the 
r a t i o  of the i n t e n s i t i e s  by a constant factor  A: 

\ 

1 

1 

\ 

W T i / W s c  = A CTi /Csc  (1) 

where A i s  a constant fac tor ,  C T ~  and Csc are  the measured counts of radiat ion a t  
the peaks for  titanium and scandium i n  the  sample, respectively. This r a t i o  
technique eliminates the need for  absorption correct ions because the peaks a re  in 
the same sample, and the absorption correction fac tors  a re  nearly equal. 
Calibration a f t e r  every th i rd  sample prevented major e r rors  due t o  machine d r i f t .  
Calibration consisted of analyzing a cel lulose blank t o  determine background factors  
and then analyzing a NBS f l y  ash standard (NBS Standard Reference idaterial 1633a1 
for  titanium t o  determine the value of A in E q n .  1. 

XRF Error Analysis. The counting s t a t i s t i c s  and equations for  the XRF e r ror  
' analysis are  explained in detai l  by Jenkins and DeVries (13). The arr ival  of bursts 

of radiation from the sample can be modeled as a C h i  Square dis t r ibut ion which 
approaches a Gaussian d is t r ibu t ion .  A total  XRF counting e r ror  of  t 0 .4  percent 
( re la t ive ' )  was realized f o r  the t e s t s  conducted. This gave a l i m i t  of detection of 
45 ppm (mass). The raw coal contained a b o u t  400-600 ppm t i t an iun  (dry b a s i s ) ,  well 
above the minimum. 

The major e r rors  were introduced by 
the sample preparation techniques. Samples were prepared by weighing 400 mg of 
char, 40 mg of high purity cel lulose a n d  10 mg of S C ~ O J  in to  a small vial with a 6mm 
glass  bal l .  A commerical dental mixer was used to  m i x  and grind the sample for 3 
minutes. The ample was then pressed o n t o  a support with a cel lulose backing a t  

t1 to  2 percent. Increasing the percent Sc2O3 did n o t  s ign i f icant ly  increase the 
accuracy because of increased e r ror  due t o  increased scandium counts. 

TEST PROGRAM 

Fifteen combustor t e s t s  were performed a t  four d i f fe ren t  values of secondary 
a i r  swirl number2 ( S g  = 0.0, 1.4, 3.2, and  4.51, and over a range o f  stoichiometric 
ra t ios3  ( S R )  of 0.59 t o  1.65. The coal used was a Wyoming subbituminous coal with 
about 5.0 weight percent a s h  ( a s  received1 and 0.8 weight percent titanium i n  the  
dry ash. The proximate analysis  of the coal gave values of 27.8 percent, 32.9 
percent, 34.3 percent, and 0.4 percent for  moisture, v o l a t i l e s ,  fixed carbon, and 

E 
The XRF counting e r rors  were very small. 

4.58 x lo6 kgln 3 . The major e r rors  introduced in weighing the Sc2O3 accurately were 
6 

IRelative e r ror  i s  e r ror  divided by percent titanium present times one 

'Swirl number ( S E I  i s  defined as the flux of angular momentum divided by the 
product of duct radius and axial flux of momentum. 

3Soichiometric r a t i o  (SR) i s  defined as the a i r l f u e l  r a t i o  divided by the 
stoichiometric a i r l fue l  r a t i o .  SR values l e s s  t h a n  one are  fuel rich while SR 
values greater  than one are oxidizer r ich.  

hundred. 
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su l fur  respect ively.  The ultimate analysis  on a dry basis  gave 6.9 percent ash, 4.4 
percent hydrogen, 76.3 percent carbon, 1.1 percent nitrogen, 0.5 percent su l fur  and  
10.8 percent oxygen. The char sample probe was located on the center  l i n e  of the 
reactor near the reactor e x i t  (ca  150 cm from the burner i n l e t ) .  Coal burnout was 
determined a t  each t e s t  condition from ASTM analysis  of the ash sample, and by XRF 
analysis for  titanium in the char Sample. 

TEST RESULTS 

Coal burnout r e s u l t s  determined from a titanium mass balance in the char 
samples obtained are  shown in Figure 2. Coal b u r n o u t  was shown t o  be primarily a 
function of stoichiometric r a t i o ,  increasing from about 80-87 percent a t  SR = 0.6 
( fue l  rich) t o  greater  than 95 percent a t  SR > 1.1 (Figure 2 ( a l ) .  The t e s t s  were 
not a l l  conducted a t  a cons is ten t  s e t  of stoichiometric r a t i o s .  idevertheless, 
interpolat ion of the curves (Figure 2 ( a ) )  a t  SR = 0.6,  0.9, and 1 . 2  has permitted 
the e f fec t  of swirl in the secondary a i r  stream t o  be determined (Figure 2 ( b ) ) .  
The e f fec t  of stoichio.metric r a t i o  i s  s t i l l  quite pronounced. The e f f e c t  of 
secondary swirl on coal burnout i s  small. The combustion of  pulverized coal i s  very 
complex and the influences of secondary swir l ,  mixing r a t e ,  stoichiometric ra t io ,  
e tc .  are just beginning t o  be understood (1-6) .  

A n  ASTM analysis  of the char samples for  ash and titanium as a t i e  component 
are  given in Figure 3. Titanium burnout i s  higher in every case t h a n  the ash 
burnout, indicating t h a t  titanium i s  a be t te r  t racer  than ash. 

The extent of a s h  loss, equivalent t o  an a s h  burnout, has also been determined 
from the titanium data. A s e t  of parametric ash loss  l i n e s  have also been 
constructed on Figure 3 f o r  comparison (10 percent, 20 percent, 30 percent, 40 
percent, and 50 percent) .  Ash losses  of 15 t o  60 percent can be observed by the 
superposition of the data on the various ash loss  l ines .  The extent  of  ash loss  i s  
l a rge  compared to  e a r l i e r  work a t  t h i s  laboratory with a bituminous coal ( 6 ) .  
However, the difference in coal type, ash composition, and moisture level could 
account for  these differences. 

A s h  loss has l i t t l e  e f f e c t  on coal b u r n o u t  a t  very high b u r n o u t  levels .  
Figure 4 shows the e r r o r  in burnout due t o  ash loss  a t  several d i f fe ren t  burnout 
leve ls .  A t  burnout values of 95 percent, ash losses  of 40-50 percent create  
differences of only 2-3 percent in  b u r n o u t  estimates. Hence a t  moderate ash loss  
(20-40 percent) and high burnout values (grea te r  t h a n  95 percent burnout) the ash 
t racer  b u r n o u t  values a re  almost as accurate as the titanium-based burnout values. 
However, i f  burnout i s  below 95 percent then b u r n o u t  based on titanium gave 
s igni f icant ly  improved resu l t s .  

Asay (12) has recently completed a s  s e t  of pulverized coal combustion t e s t s  
a t  the same secondary swirl numbers and a t  nearly the same stoichiometric ra t ios  for  
t h i s  Wyoming coal. Carbon b u r n o u t  data obtained from these t e s t s  with a complete 
gas coumposition and an argon t racer  mass balance are  compared in Figure 5 t o  the 
titanium analysis coal burnout data reported above. I n  general, coal b u r n o u t  i s  
expected t o  be from 1-2 percent higher than carbon burnout because of the more 
complete release of the hydrogen from the coal. In general, the agreement between 
b u r n o u t  values from the gas analysis  and from the titanium analysis  i s  good a t  SR > 
0.9. A t  SR = 0.6 however, the b u r n o u t  values determined from the gas analysis  are  
much lower. Asay ( 1 2 )  i s  s t i l l  reviewing t h i s  discrepancy b u t  i t  i s  thought t h a t  
the d a t a  from the titanium analysis  are superior. One possible explanation i s  tha t  
the gas data represent an integrat ion of radial gas composition prof i les  near the 
reactor  e x i t  while the titanium data are  based on center l ine samples. 
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CONCLUSIONS 

T i t a n i u m  can a c c u r a t e l y  be de te rm ined  i n  cha r  samples by u s i n g  t h e  i n t e r n a l  
s tandard  method o f  XRF c a l i b r a t i o n .  E r r o r s  of i 2-3 p e r c e n t  a r e  i n c u r r e d  most ly  

I from sample p r e p a r a t i o n  i naccu racy .  X-ray f l uo rescence  i n s t r u m e n t  e r r o r  i s  l e s s  
I t han  f 0.4 pe rcen t .  

T i t a n i u m  compounds i n  ash a r e  more s t a b l e  than  t h e  t o t a l  ash c o n s t i t u e n t s  and 
hence p r o v i d e  a s o l i d  phase t r a c e r  t o  complete o v e r a l l  mass balances wi th  inc reased  
accuracy.  Bu rnou t  c a l c u l a t i o n s  a r e  improved by as much as 20 p e r c e n t  a t  bu rnou t  
va lues  l e s s  than  95 p e r c e n t  and w i t h  h i g h  ash l o s s .  Vhen c o a l  b u r n o u t  l e v e l  i s  
above 95 pe rcen t ,  t i t a n i u m  p r o v i d e s  o n l y  1-2 p e r c e n t  i n c r e a s e d  accuracy i n  the 
bu rnou t  c a l c u l a t i o n .  

Up 
t o  60 pe rcen t  o f  t he  ash was l o s t  i n  these combust ion t e s t s .  T h i s  l o s s  i s  t he  sum 
o f  t h e  l osses  due t o  v a p o r i z a t i o n  i n  t h e  f lame and d i s s o l u t i o n  i n t o  the  quench 
water .  

Use o f  t h e  t i t a n i u m  t r a c e r  a l s o  p r o v i d e s  a method o f  c a l c u l a t i n g  ash l o s s .  
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Figure I .  S c h e m a t i c  o f  atmospheric combustor ( A d a o t e d  from N a r d i n g  ( 6 1 ) .  
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